Virginia Commonwealth University

VCU Scholars Compass
Human and Molecular Genetics Publications

Dept. of Human and Molecular Genetics

2014

Dietary Regimens Modify Early Onset of Obesity
in Mice Haploinsufficient for Rai1
Joseph T. Alaimo
Baylor College of Medicine

Natalie H. Hahn
Virginia Commonwealth University

Sureni V. Mullegama
Baylor College of Medicine

Sarah H. Elsea
Virginia Commonwealth University, Baylor College of Medicine, selsea@vcu.edu

Follow this and additional works at: http://scholarscompass.vcu.edu/hgen_pubs
Part of the Medical Sciences Commons
© 2014 Alaimo et al. This is an open-access article distributed under the terms of the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and
source are credited.

Downloaded from
http://scholarscompass.vcu.edu/hgen_pubs/10

This Article is brought to you for free and open access by the Dept. of Human and Molecular Genetics at VCU Scholars Compass. It has been accepted
for inclusion in Human and Molecular Genetics Publications by an authorized administrator of VCU Scholars Compass. For more information, please
contact libcompass@vcu.edu.
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Abstract
Smith-Magenis syndrome is a complex genomic disorder in which a majority of individuals are obese by adolescence. While
an interstitial deletion of chromosome 17p11.2 is the leading cause, mutation or deletion of the RAI1 gene alone results in
most features of the disorder. Previous studies have shown that heterozygous knockout of Rai1 results in an obese
phenotype in mice and that Smith-Magenis syndrome mouse models have a significantly reduced fecundity and an altered
transmission pattern of the mutant Rai1 allele, complicating large, extended studies in these models. In this study, we show
that breeding C57Bl/6J Rai1+/2 mice with FVB/NJ to create F1 Rai1+/2 offspring in a mixed genetic background ameliorates
both fecundity and Rai1 allele transmission phenotypes. These findings suggest that the mixed background provides a
more robust platform for breeding and larger phenotypic studies. We also characterized the effect of dietary intake on
Rai1+/2 mouse growth during adolescent and early adulthood developmental stages. Animals fed a high carbohydrate or a
high fat diet gained weight at a significantly faster rate than their wild type littermates. Both high fat and high carbohydrate
fed Rai1+/2 mice also had an increase in body fat and altered fat distribution patterns. Interestingly, Rai1+/2 mice fed
different diets did not display altered fasting blood glucose levels. These results suggest that dietary regimens are extremely
important for individuals with Smith- Magenis syndrome and that food high in fat and carbohydrates may exacerbate
obesity outcomes.
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a range of behavioral abnormalities, variable penetrance of
craniofacial defects, obesity, and reduced fecundity [7–9]. The
variability of some phenotypic features has been associated with
modifier alleles that either mask or exacerbate particular
phenotypic outcomes [8,10], while congenic strains have been
shown to display altered Mendelian transmission of mutant Rai1
alleles [10].
Interestingly, 90% of individuals with SMS exhibit an early
onset of obesity prior to or during their adolescent years, which
persists throughout their adult life [11]. Previous studies have
shown that a significant number of adolescent individuals with
either a deletion or point mutation of RAI1 present predominantly
with truncal-abdominal obesity or are in the 90th percentile or
greater for weight [11,12]. Abdominal obesity confers an increased
risk for a variety of obesity-related comorbidities such as
hypertension, diabetes, and metabolic syndrome [13,14]. In
addition, there is an increased prevalence of hypercholesterolemia
and hyperphagia in SMS [11,12]. Despite the prevalence of
compulsive behaviors in individuals with SMS, the prevalence of
obesity is not always concurrent with compulsive eating behaviors
[6,11].

Introduction
Smith-Magenis syndrome (SMS, OMIM 182290) is a complex
genomic disorder characterized by skeletal and craniofacial
anomalies, intellectual disability, sleep abnormalities, developmental delay, and a myriad of neurological and behavioral issues,
including self-injurious and attention-seeking behaviors [1]. The
incidence of SMS is approximately 1:15,000–1:25,000 and is
caused by either an interstitial deletion of chromosomal region
17p11.2 encompassing the retinoic acid-induced 1 (RAI1) gene or
a deleterious mutation of RAI1 [2,3]. RAI1 is a dosage-sensitive
gene that encodes a transcriptional regulator known to bind to the
nucleosome core and histones [4], and haploinsufficiency of RAI1
results in the SMS phenotype [2,3]. Interestingly, individuals with
SMS can also have a wide range of phenotypic variability [5,6],
likely due to a variety of genetic factors such as natural genetic
variation modifying the phenotype, complex epistatic interactions,
and the modifying effects of the environment. Previous work using
mouse models has sought to understand the role of Rai1 in SMS
by characterizing the functional effects of the gene on an array of
phenotypic measures; however, the etiology and pathogenicity of
altered Rai1 expression during development and on homeostatic
cellular mechanisms remains unclear. SMS mouse models display
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We sought to generate a SMS mouse model to address the
issues of reduced transmission rates of Rai1 and fecundity to
facilitate larger phenotypic and therapeutic analyses. We
performed breeding studies by generating Rai1+/2 mice in a
mixed genetic background of C57Bl/6J and FVB/NJ and
characterized the offspring for the development of obesity
through adolescence and adulthood. Finally, we characterized
the effects of diet in Rai1+/2 mice on the development of obesity
and asked if dietary regimens could modify obesity outcomes.
Our studies suggest that strain differences exist in the transmission rates of Rai1 and fecundity and that the C57Bl/6J: FVB/NJ
mixed genetic background provides a more robust and sensitized
background for breeding studies. Additionally, we show that high
carbohydrate and high fat diets significantly alter developmental
growth rates and exacerbate obesity in SMS mice but do not alter
fasting blood glucose levels.

Mix (Life Technologies) in an ABI Prism 7900HT Sequence
Detection System. Relative differences in transcript levels were
quantified using the Livak Method with Gapdh mRNA as an
endogenous control. All expression values were calculated relative
to controls levels set to 1.

Feeding Studies
Female mice were fed one of three types of food for the
duration of the study. Animals were fed normal chow (NC:
21.5% protein, 23.4% fat, 55% carbohydrate; Lab Diet 5P06
Prolab RMH 2000), high-carbohydrate chow (HC: 17.8%
protein, 11.8% fat, 70.4% carbohydrate; Teklad TD.98090), or
high fat/low-carbohydrate chow (HF: 16.4% protein, 58% fat,
25.5% carbohydrate; Open Source D12331) and given access ad
libitum at a constant temperature (21uC), humidity (40%) and an
automatic 12 hour light/dark cycle. Initial weights were recorded
for each mouse before commencing diet regimens and taken
weekly thereafter. Mice were anesthetized using aerosolized
isoflurane prior to weighing. All animals were housed in
compliance with the guidelines of the IACUC at Virginia
Commonwealth University.

Materials and Methods
Mouse breeding and husbandry
Mice heterozygous for an insertional mutation of Rai1
(previously reported as B6.129s7-Rai1tm1Jrl/J in Bi et al., 2005
are referred to here as Rai1+/2) were obtained from Jackson
Laboratories (stocks #005981) as a fully backcrossed strain (with
C57Bl/6J-Tyrc-2J/J). Rai1+/2 mice were bred in-house with
C57Bl/6J mice and FVB/NJ (Jackson Laboratories, stock
#001800) mice creating F1 progeny that were C57Bl/
6J:FVB/NJ mice. Pups were weaned at at 4–5 weeks due to
smaller birth size and failure to thrive for Rai1+/2 animals.
Therefore, all pups were kept with mothers and weaned at the
same age but were weaned to normal chow by 5 weeks. Animals
had access to water and chow ad libitum [11]. The mating
scheme comprised both male and female mice from all
genotypes. For breeding, male mice were placed in a new cage
and allowed to establish home-cage territory. After 24–
48 hours, 1–2 female mice aged between 8–16 weeks were
added to the cage for mating [15]. As standard practice,
experienced female mice were also added to cages either during
the mating process or near the end of gestation (process called
‘‘aunting’’) to improve survival for all litters.

Fat Distribution
Fat pads in mice were collected and fat distribution analyzed as
previously described but with minor modifications [11]. Briefly,
16–18 week old aged mice were weighed and euthanized by
aerosolized isoflurane treatment, followed by a chest cavity
puncture to minimize suffering. Fat was collected from both
intra-abdominal (gonadal, retroperitoneal, and mesenteric) and
subcutaneous (dorsal, inguinal, and groin) fat pads by dissection
and weighed. Each fat was weighed separately and then
combined to obtain the total body fat collected. During
dissection, we observed that all mice had small, translucent cysts
within the folds of the center of the liver. Cysts were observed
across all genotypes.

Blood Glucose
Blood glucose levels were assessed as previously described [11].
Briefly, animals were fasted for at least 12 hours prior to
measuring blood glucose, and blood was drawn from animals by
needle prick at either the end of the tail or cheek. Blood samples
were measured for glucose using capillary test strips and a
glucometer (EasyPRO).

Genotyping
Mice were genotyped as previously described [11]. Briefly,
DNA was extracted from mouse tails using a standard phenol/
chloroform procedure. PCR was carried out using P1F and P1R
primers for identification of wild type and Rai1+/2 mice as
described in Bi et al. (2005).

Statistical Analysis
All statistical analyses were performed using GraphPad Prism
Version 6 software. Multiple comparisons were performed using
an ANOVA and Bonferroni post hoc correction. Single comparisons were performed using a standard unpaired t-test. Statistical
significance was determined at P#0.05. All figures were generated
using GraphPad Prism Version 6 software.
Data analysis for the growth studies was done by measuring the
slope of the line for each individual animal during weeks 5–9 and
weeks 10–16. Significance was determined by comparing the
average slope between strains within each treatment group during
each developmental stage using a standard unpaired t-test. Weight
change for each development stage was determined by subtracting
the ending weight from the beginning weight. Significance was
determined by comparing the average weight change between
strains within each treatment group during each developmental
stage, as described.

RNA Isolation
Total RNA was isolated as previously described [11,16]. Briefly,
whole liver was homogenized in TRIzol (Life Technologies)
according to the manufacturer’s protocol. RNA concentration and
quality (260/280 ratio) was determined for each sample using a
NanoDrop 1000 spectrophotometer (Thermo Scientific).

Quantitative Real-Time PCR
Gene expression of Rai1 in liver for each mouse was performed
as previously described [11,16]. Briefly, 2 mg of total RNA
underwent first-strand cDNA synthesis using qScript (Quanta
Bioscience) according to the manufacturer’s protocol. Predesigned
TaqMan probes (Life Technologies) for mouse mRNA expression
were used to detect gene expression of Rai1 (Mm01163529_m1)
and Gapdh (mM99999915_g1). All samples were run in triplicate
in 10 mL reaction volumes using TaqMan Universal PCR Master
PLOS ONE | www.plosone.org
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Figure 1. Rai1+/2 mice have improved fecundity in a FVB/NJ genetic background. (A). Rai1+/2 mice in the C57Bl/6J background when
mated to C57Bl/6J produced significantly fewer progeny relative to Rai1+/2 mice mated to a FVB/NJ genetic background. In either background, the
proportion of male and female progeny was not significantly different. No significant difference was observed for transmission of the Rai1+/2 allele by
either parent (data not shown). (B). The number of Rai1+/2 progeny produced in a C57Bl/6J genetic background is significantly less than the number
of wild type progeny produced, indicating altered Mendelian ratios; however, the number of Rai1+/2 progeny produced when mating occurs in the

PLOS ONE | www.plosone.org

3

August 2014 | Volume 9 | Issue 8 | e105077

Diet Modifies Early Onset Obesity in Rai1 Mice

FVB/NJ genetic background is not significantly different than the number of wild type progeny, consistent with Mendelian transmission. Number of
litters: C57Bl/6J x C57Bl/6J n = 19; C57Bl/6J x FVB/NJ n = 8, with either parent carrying the Rai1+/2 allele. (C). C57Bl/6J:FVB/NJ mixed background mice
that are heterozygous at the Rai1 locus have significantly reduced Rai1 expression. All data are plotted as mean +/2 SEM; n.s. = not significant; **P,
0.01; ***P,0.001; ****P,0.0001, WT n = 8, Rai1+/2 n = 8.
doi:10.1371/journal.pone.0105077.g001

weight gained during both periods (adolescence P = 0.2962; early
adulthood P = 0.3635) relative to wild type normal chow fed mice
(Figure 2A). Previous studies have shown that Rai1+/2 mice gain
significantly more weight than wild type mice by week 20 on
standard laboratory chow, and this weight gain continued into
adulthood [7,10,11]. However, we did not look beyond the 16
week treatment period in this study, and therefore, it is possible to
speculate that these animals may have displayed significant weight
gains at later time points. Interestingly, Rai1+/2 animals fed a high
carbohydrate diet gained significantly more weight (Figure 2B)
and gained weight at a faster rate than wild type animals during
both adolescence (weight gained P = 0.0221; rate of growth
P = 0.0024) and throughout early adulthood (weight gained
P = 0.05; rate of growth P = 0.0076) relative to high carbohydrate
fed wild type mice (Figure 2B). We also observed similar results for
Rai1+/2 animals fed a high fat diet. Rai1+/2 haploinsufficient
mice had significantly more growth during both developmental
stages relative to high fat fed wild type mice (adolescence P = 0.02;
early adulthood P = 0.0193) (Figure 2C). In addition, Rai1+/2
mice gained more weight during those time periods (adolescence
P = 0.0236; early adulthood P = 0.0257) (Figure 2C).

Results
Rai1+/2 mice have improved fecundity in a C57Bl/6J:FVB/
NJ mixed genetic background
Previous studies have shown that breeding Rai1+/2 mice solely
in a C57Bl/6J background results in a distorted Mendelian
transmission [15]. We sought to ask if this skewed transmission
was unique to the C57Bl/6J genetic background and thus, bred
Rai1+/2 mice with wild type FVB/NJ mice to create an
F1 generation in the C57Bl/6J:FVB/NJ genetic background.
Rai1+/2 mice when bred in the congenic C57Bl/6J background
produced an average of 4 animals per litter; however, C57Bl/6J
Rai1+/2 mice when mated to wild type FVB/NJ genetic
background saw a significant improvement in fecundity (P,
0.0001) with an average of 10 pups per litter (Figure 1A). Next, we
genotyped all pups from both breeding experiments and found
that a pure C57Bl/6J background yielded significantly fewer
Rai1+/2 mice than wild type mice (P = 0.0008) (Figure 1B).
Additionally, C57Bl/6J mice bred into the FVB/NJ background
produced significantly more wild type (P = 0.0075) and Rai1+/2
(P,0.0001) pups compared to a pure C57Bl/6J background
(Figure 1B), with an equal distribution of wild type and Rai1+/2
pups (Figure 1B).
Next, we asked if the genetic background affected the
transmission rates of the Rai1 mutant allele. We found that
mating in a pure C57Bl/6J background resulted in a significant
deviation from the expected Mendelian ratio (x2 = 13.47, P,
0.001), confirming our previous results [15]. However, genotyped
animals from a mixed C57Bl/6J:FVB/NJ background did not
have a significant deviation from the expected Mendelian ratio
(x2 = 0.12, P.0.05) (Table 1 and Figure 1B) suggesting that a
confounding genetic factor present in the C57Bl/6J background
affects Rai1 transmission rates. We quantified the level of Rai1
expression in mixed background Rai1+/2 mice and, as expected,
found a significant reduction in mRNA levels (Figure 1C).
Taken together, our breeding experiments indicate that breeding
Rai1+/2 in a pure C57Bl/6J background results in reduced
fecundity, and mixing this background with FVB/NJ ameliorates
fertility issues. Additionally, we were able to restore Rai1
transmission rates to an observable Mendelian range.

Dietary regimens modify abdominal and subcutaneous
fat distribution patterns but not fasting blood glucose
levels in Rai1+/2 mice in a C57Bl/6J:FVB/NJ mixed
background
Next, we characterized each mouse for adiposity and fat
distribution. Rai1+/2 animals fed normal chow did not have any
significant differences in percentage of body fat (P.0.9999)
(Figure 3A) or distribution of fat (abdominal P.0.9999; subcutaneous P.0.9999) (Figure 3B) relative to normal chow fed wild
type mice. Rai1+/2 animals fed a high carbohydrate diet displayed
a significant increase in the percentage of body fat (P = 0.0181)
relative to high carbohydrate fed wild type mice. Interestingly the
high carbohydrate fed Rai1+/2 animals also displayed a significant
increase in the percentage of abdominal fat (P = 0.0387), but not a
significant increase in the percentage of subcutaneous fat
(P = 0.0725). Rai1+/2 animals fed a high fat diet had a significantly
higher percentage of body fat (P = 0.0003), and these animals had
significantly more fat in each the subcutaneous (P = 0.0002) and
abdominal (P = 0.0032) fat pads relative to wild type high fat fed
animals. An increase in fat tissue is known to be associated with
insulin resistance, cardiovascular disease, cancers, and hypertension [14]. Therefore, we sought to characterize any alterations to
basal metabolic function in each diet fed mice by measure fasting
blood glucose levels. Fasting blood glucose levels were not altered
by diet in either genotype (Figure 4).

Dietary regimens modify growth and weight changes in
Rai1+/2 mice in a C57Bl/6J:FVB/NJ mixed background
About 90% of individuals with SMS are obese by their
adolescence, and obesity persists throughout their adulthood
[6,11,12]. Previous work has also shown that SMS mouse models
exhibit significant weight gain during development and are also
obese [10,11,17]. We characterized the effects of three contentspecific diets on the growth rate of Rai1+/2 animals in the C57Bl/
6J:FVB/NJ mixed background during two stages of development;
adolescence and early adulthood. Mice were fed either normal,
high carbohydrate, or high fat specific diets starting at week 5, and
growth was measured during their adolescent stage (weeks 5–9)
and during early adulthood (weeks 10–16). Rai1+/2 animals fed
normal chow did not significantly differ for rate of growth during
either developmental stage (adolescence P = 0.2645; early adulthood P = 0.5058) (Figure 2A) and did not have differences in
PLOS ONE | www.plosone.org
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Phenotypic variability is observed across a variety of genomic
disorders including SMS, Potocki-Lupski syndrome (OMIM
610883), Angelman syndrome (OMIM 105830), and brachydactyly-mental retardation syndrome (OMIM 600430) [5,18]. Individual differences in the genome that act to modify phenotypic
outcomes of these particular disorders are likely one of many
factors contributing to the range of clinical findings. The
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Table 1. Rai1+/2 breeding in the C57Bl/6J genetic background.
Male Rai1+/2 x Female C57Bl/6J (average litter size = 4 pups/litter)
Total pups

Rai1+/2

Wild Type

60

14

46

Female Rai1+/2 x Male C57BL/6J (average litter size = 3.5 pups/litter)
Total pups

Rai1+/2

Wild Type

14

4

10

Male Rai1+/2 C57Bl/6J x Female FVB/NJ (average litter size = 9.8 pups/litter)
Total pups

Rai1+/2

Wild Type

59

26

33

Total pups

Rai1+/2

Wild Type

9

2

7

Total pups

Rai1+/2

Wild Type

9

5

4

Female Rai1+/2 C57Bl/6J x Male FVB/NJ

Male Rai1+/2 FVB/NJ x Female C57Bl/6J

doi:10.1371/journal.pone.0105077.t001

expression of one or more recessive modifier genes in the C57Bl/
6J background influences Rai1 transmission and animal fecundity.
Truncal-abdominal obesity is observed in a majority of SMS
patients during early adolescence and other SMS mouse models
have shown obesity phenotypes, further implicating RAI1 as a
contributor to obesity and body weight [7–9,11,23,24]. Furthermore, there is a well-established body of evidence implicating
chromatin-modifying proteins in the development of obesity. In
our analysis, we focused on growth and the development of obesity
during adolescence and early adulthood under different contentspecific diets. Rai1+/2 mice fed normal chow did not have
significant weight gain during either period of feeding (Figure 2A).
However, other studies have reported an obese phenotype in
Rai1+/2 mice when fed normal chow as early as week 20. We
predict that the lack of an obesity phenotype observed in our data
in general is not solely due to genetic background, but likely due to
the restricted timeline used for observing the phenotype.
Furthermore, other SMS mouse studies have not reported any
significant weight changes in mice fed normal chow prior to week
20 except very early in development at week 5, but not during
weeks 6–19 [17]. When Rai1+/2 mice are fed a high carbohydrate
diet or high fat diet, the rate of growth and the amount of weight
gained during both developmental periods is significantly altered
(Figure 2B–C), suggesting that these diets can exacerbate growth
and weight gain when Rai1 dosage is decreased. We then explored
the increase in weight in all treated animals and found that both
high carbohydrate-fed and high fat-fed mice had significant
increases in the percentages of body fat, suggesting that the
increase in weight was likely stored as excess fat (Figure 3A). When
analyzing adiposity patterns, we found that high fat-fed Rai1+/2
mice had significant increases in both abdominal and subcutaneous fat where as high carbohydrate-fed Rai1+/2 animals only
displayed a significant increase in abdominal fat, but a trend
towards significance for subcutaneous fat.
In order to determine if these mixed background Rai1+/2 mice
expressed any obesity associated comorbidities, and it is well
established that truncal adipose tissue has a significant impact on
the development of insulin resistance [13], we assessed fasting
glucose levels. We did not observe any altered fasting blood
glucose levels in these mice despite treatment with different diets

mechanisms in which polymorphisms or copy number variation in
the genome exert their effects is unclear but are thought to either
exacerbate or reduce the severity of phenotypic features, thus
resulting in a spectrum of phenotypic features across disorders and
increasing the difficulty of a clinical diagnosis.
In evaluating genomic disorders, mouse models have become
paramount in dissecting the role of the causative genes in cellular,
molecular, and behavioral processes. However, not all phenotypes
in humans are recapitulated in mice and therefore some studies
are more focused on particular subsets of phenotypes or pathways
of the disorder. Generating and characterizing a mouse model is
time consuming, and one major concern is the effect of the genetic
background on the interpretation of the studies [19,20]. Differences in genetic background have been shown to contribute
greatly to the degree of phenotypic variability in mice studies. For
example, Fmr1 knockout mice bred on a mixed FVB/129
background had significant learning deficits, whereas Fmr1
knockout mice bred on a B6/129 background did not [21]. In
addition, mouse models of DYT1 dystonia have shown that
genetic background modulates lifespan and motor function
indicating that modifying alleles can contribute to the heterogeneity found in a phenotype [22].
The results from our breeding experiments presented here
indicate that haploinsufficiency of Rai1 in a pure C57Bl/6J
background results in a severe alteration in Mendelian transmission rates. These data would suggest that the congenic strain may
carry recessive alleles that together create an adverse genetic event
resulting in a reduced transmission of Rai1 (Figure 1A–B and
Table 1). Other studies have shown that the more congenic the
C57Bl/6J background becomes, the inheritances rates of Rai1 are
significantly reduced [15]. Furthermore, mouse fecundity is also
severely affected, and previous literature has reported breeding
difficulties with Rai1+/2 mice [7–9]. When mating Rai1+/2 in a
pure C57Bl/6J background, as few as 4 pups per litter were born,
consistent with previous findings (Figure 1A) [15]. Crossbreeding
the C57Bl/6J mice with FVB/NJ resulted in improved fecundity
of Rai1+/2 mice, producing on average 10 pups per litter
(Figure 1A–B) and restored transmission ratios within an expected
Mendelian range. These results lend further evidence that the
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Figure 2. High carbohydrate and high fat diets alter growth rates in Rai1+/2 mixed background mice. (A). All mice fed a normal chow
diet had similar growth rates during adolescence (weeks 5–9) or adulthood (weeks 10–16). No significant difference was observed in the amount of
weight gained during each developmental stage. (B). Rai1+/2 mice fed a high carbohydrate diet had significantly faster growth during adolescence
and adulthood relative to wild type mice. Rai1+/2 mice gained significantly more weight during adolescence and adulthood relative to wild type. (C).
Rai1+/2 mice grew significantly faster and gained more weight when fed a high fat diet during both adolescent and adult stages of development
relative to wild type mice. All data are plotted as means +/2 SEM; dashed line represents the separation between developmental stages. Left panel;
adolescence (weeks 5–9); n.s. = not significant; *P,0.05; **P,0.01; adulthood (weeks 10–16); n.s. = not significant; { P,0.05; {{ P,0.01. Right panel; *
P,0.05. NC: WT n = 4, Rai1+/2 n = 8. HC: WT n = 3, Rai1+/2 n = 7. HF: WT n = 4, Rai1+/2 n = 3.
doi:10.1371/journal.pone.0105077.g002

that mice carrying a chromosomal deletion of Rai1 (and several
other genes) commonly found amongst individuals with SMS
display a range of phenotypic features manifesting metabolic
syndrome. These mice were found to have an increase in weight
and fat and a decrease in high-density lipoprotein levels and
insulin sensitivity [17]. These studies have suggested that another
gene within the deletion region, Srebf1, may act additively with
Rai1 causing the observed endophenotype [17]. Additionally, the
susceptibility of both C57Bl/6J to diet induced obesity or insulin
resistance has been reported [27,28]. However, while data show
that FVB/NJ mice are not susceptible to diet induced obesity,

(Figure 4), suggesting that obesity associated insulin resistance is
not present. These findings are consistent with previously reported
studies that show Rai1+/2 mice fed normal chow when obese at
week 30 do not display insulin resistance and that despite the
increase in abdominal adiposity, there was an absence of
phenotypic measures resembling metabolic syndrome [11]. It is
interesting that Rai1+/2 mice have increased abdominal adiposity
but do not manifest insulin resistance. Studies have suggested that
individuals who are obese but metabolically healthy are still at a
significant risk for cardiovascular events and mortality relative to
non-obese individuals [25,26]. However, a recent study has shown
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Figure 3. High carbohydrate and high fat fed Rai1+/2 mice have altered body fat and fat distribution. (A). Wild type and Rai1+/2 mice fed
normal chow did not have significantly different total body fat. Both high carbohydrate and high fat fed Rai1+/2 mice had significantly more body fat
than high carbohydrate and high fat fed wild type mice. (B). Rai1+/2 mice on a high fat diet had significantly more subcutaneous and abdominal fat
relative to high fat fed wild type mice. However high carbohydrate fed Rai1+/2 mice only displayed alterations to abdominal fat portions but not
subcutaneous. Normal chow diet regimen did not alter the distribution of fat in either genotype. All data are plotted as means +/2 SEM; ** P,0.01;
*** P,0.001; { P,0.05; {{ P,0.01. NC: WT n = 3, Rai1+/2 n = 3. HC: WT n = 2, Rai1+/2 n = 4. HF WT n = 3, Rai1+/2 n = 3.
doi:10.1371/journal.pone.0105077.g003

studies have shown that particular mutations in the FVB/NJ result
in an obesity phenotype in addition to increased glucose levels
when fed a normal diet [27–29].
A growing body of evidence suggests that obesity is about 65%
genetic and that gene-environment interactions may confer an
even greater susceptibility to obesity [30]. One leading hypotheses
is that early environmental influences may induce epigenetic
variation at specific loci that result in permanent defects in
metabolism and increases in disease risk [31]. Three genes,
MC4R, LEP and POMC, have been identified through genetic
association to confer an increase in obesity susceptibility and are
also environmentally responsive to dietary intake. Previous work
has shown that adult mice fed high fat diets have a decrease in
methylation in whole brain tissue at the transcriptional start site of
Mc4r [32]. Obese women who successfully lost weight after eating
an 8-week low calorie diet showed lower methylation levels of LEP
from adipose biopsies than those who did not lose weight [33].
Another study showed that high fat fed rats had an increase in
methylation at the Lep promoter region in adipose tissue [34].
Rats that were overfed during neonatal development had a
significant increase in methylation of the promoter region of Pomc
in the hypothalamus [35]. Taken together, these data support
environmental factors such as dietary content or food intake may
have an effect on the epigenetic regulation of genes involved in
obesity. While our study did not determine if the observed weight
gains of mice fed either a high fat or a high carbohydrate diet
exhibited any epigenetic changes, a recent study showed that
RAI1 binds to the nucleosome core and histones [4] and may

impact epigenetic regulation of gene transcription. No epigenetic
studies have been performed on Rai1 haploinsufficient mice;
however, our previous work has shown that Rai1 haploinsufficient
mice have a basal decrease in Bdnf and Pomc expression and an
increase in Mc4r expression, lending evidence to the global effects
Rai1 alone has on obesity and weight pathways [11]. Future
studies delineating the epigenetic profile of Rai1+/2 mice relative
to wild type mice would reveal the susceptibility of specific
genomic loci to epigenetic changes that are Rai1 dependent.
Additionally, epigenetic profiles after treatment of high carbohydrate and high fat diets may uncover other loci that are
environmentally responsive when Rai1 dosage is decreased.
In summary, we present evidence that breeding Rai1+/2 mice in
a mixed genetic background results in improved fecundity and
expected Mendelian transmission rates compared to the C57Bl/6J
congenic strain, providing an additional model in which to study
SMS and the role for Rai1 in the development of obesity. In
addition, we show that a high carbohydrate or high fat diet from
weaning can significantly impact the rate of growth, weight gain,
adiposity, and fat distribution in these animals, suggesting that
dietary regimen in persons with SMS should be monitored for fat
and carbohydrate content while striving to maintain a balanced
diet during early development. It is possible that individuals with
SMS may benefit from nutritional counseling to help reduce the
risk of significant weight gain and potentially the development of
obesity.

Figure 4. Blood glucose levels are not altered due to diet regimens. Mice fed either normal chow, high carbohydrate, or high fat do not have
altered blood glucose levels after 12 hours of fasting. All data are plotted as mean +/2 SEM. NC: WT n = 5, Rai1+/2n = 8. HC: WT n = 3, Rai1+/2 n = 7.
HF: WT n = 3, Rai1+/2 n = 5.
doi:10.1371/journal.pone.0105077.g004
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